Hydrochemical processes have been evaluated for the groundwater regime in Trans-Yamuna alluvial aquifer, Palwal District, Haryana. The groundwater belongs to the Na + -Mg +2 and Cl − -SO 4 −2 facies, and solute acquisition processes indicated that the rock weathering/evaporation is a major mechanism that characterizes the hydrochemistry. It is also indicated that dissolution and reverse ion exchange processes are playing a major role in determining the groundwater chemistry in the study area. The varied climate in Ganga plains is responsible for the importance of different hydrogeochemical processes that impact on hydrochemistry of groundwater. Groundwater quality parameters were tested for drinking and irrigation purposes. Water quality index shows that 13%, 31%, 34% and 21% fall in good, poor, very poor and unsuitable water category, respectively, for drinking purposes. On the basis of SAR and Na%, the groundwater indicated that it is safe for irrigation purposes. But high TDS of few samples suggested the salinity hazard while using it for irrigation purposes for a longer period.
Introduction
The success of the green revolution resulted in unprecedented development in the state of Haryana in India. It was assisted by groundwater as a key source of irrigation that resulted in an increase in agriculture productivity exponentially. A general increase in wealth of population due to high agriculture productivity subsequently resulted in rural-urban migration, industrialization and economic development in the last 50 years in urban-rural areas of India. These activities are putting huge pressure on natural resources. A unique geological and climatic condition in the Trans-Yamuna area supported less development of the groundwater due to hydrometeorological and geological conditions. Therefore, less-water-required agricultural practices were adopted in this region. But in the last 50 years, groundwater is being continuously used to irrigate types of crops that need huge irrigation. It has resulted in environmental degradation in terms of groundwater and soil resources in the region.
During the last few decades, it is also observed that groundwater has been polluted drastically because of changes in agricultural expansion, industrialization, improper solid and toxic waste management practices throughout India (Ramesh and Soorya 2012; Kumar et al. 2009 Kumar et al. , 2011 . Numbers of studies on groundwater quality deterioration and geochemical evolution of groundwater have been carried out in different parts of India as well as in other parts of the world (Jalali 2006 , Jalali 2007 , Gupta et al. 2008 Irfan and Said 2008; Kumar et al. 2009; Srinivasamoorthy et al. 2010; Zhang et al. 2011; Vasanthavigar et al. 2012) . It is found that several regions in India have encountered degradation in groundwater quality too due to an increase in population growth, change in land use/land cover and rapid urbanization (Brindha and Elango 2010; Ramesh and Elango 2005) .
The present study area of Trans-Yamuna aquifer is characterized by high population growth, urbanization, industrialization and the rapid increase in agricultural productivity. The impact of such circumstances may adversely affect the future sustainability of the groundwater in the area. Therefore, the present study was carried out for the assessment of hydrogeochemical characteristics in the area facing environmental stresses due to groundwater overexploitation in recent years. The findings of this study will help to protect the quality of groundwater for the present and to prepare future groundwater for sustainable water supply in the region.
Study area
Palwal District of Haryana lies between 27°50′:28°15′ N latitudes and 77°05′:77°33′ E longitudes, covering an area of about 1364.55 Km 2 with an average elevation of 195 amsl The district comprises river flood plains, low lying plains, depressions, sand dunes and hills. Geologically, the area is situated in the Yamuna sub-basin of the Ganga basin in India (Fig. 1 ).
Climate
This area shows tropical steppe, semiarid and arid climatic condition. The climate exhibits the following characteristics: (a) seasonal rhythm, (b) cool winter, (c) hot summer, (d) mostly dry weather except for two to three months (July to September), (e) unreliable rainfall (f) meager rainfall and (g) high annual range of temperature. The study area is very hot in summer (up to 49 °C) and cold in winters (down to 1 °C). The hottest months are May and June, and the coldest being December and January. With the onset of March, the temperature begins to increase rapidly and goes up to 49 °C in May and June. From April onwards, hot dust-laden winds locally known as Loo blows and weather is unpleasant.
Rainwater resource plays an important role in every aspect of human activity. Rainfall is markedly restricted in season, and drought is a usual occurrence in this area. Variation in rainfall from year to year is considerable. The distribution of rainfall is irregular in both time and space, and water deficiency is a problem in most of the area. About 80% of the rainfall occurs in the monsoon season (July to September) and sometimes causes local flooding. The annual rainfall including monsoon of the region is about 300-500 mm which is unevenly distributed over the area. During 3 months from the last week of June to September, the moist air of oceanic origin penetrates into the region and causes high humidity, cloudiness and monsoon rainfall.
Geology
The basement of the area is composed of quartzite and slate of Delhi Supergroup of Achaean age. It is overlain by sediments of older alluvium (upland unit of the area) of the Pleistocene age. Lowland areas near the flood plain are newer alluvium of Holocene age overlain on older alluvium. Newer alluvium is confined within floor plains of Yamuna River and disconformably overlies the older alluvium. The newer alluvium is devoid of calcareous nodules, while the older alluvium consists of calcareous Kankar. The northwest part of the area is covered by quaternary eolian sediment (Fig. 2) .
The lithological character and water-bearing characteristics of formations are summarized as follows: 
Soil cover
The alluvium and eolian soil are the main extensive cover area in the area. The texture of the soil is sand to loamy in recent Yamuna flood plains, sandy loam for older plains, sandy loam to clay loam for alluvial plains, and clay loam/ silty clay for low lying plains and depressions. The spatial distribution shows coarse loamy-calcareous soil in the northern part, fine loamy in southwest and calc-sandy in the eastern part, respectively (NBSS and LUP 1993) .
Hydrogeology
The district is occupied by the Gangetic alluvial plain of Quaternary age and falls in the Yamuna sub-basin of the Ganga basin. The permeable granular zones are comprised of fine-to medium-grained sand and occasionally coarse sand and gravel. Groundwater occurs in alluvium and the underlying weathered/fractured quartzite. Alluvium comprises sand silt, Kankar and gravel, which form the principal groundwater-bearing horizon. In quartzite formation, occupying the northwestern part of the district, groundwater occurs in weathered and jointed fractured horizons (CGWB 2013) . The depth to the water table in the area ranges from 2.00 to 20.75 mbgl during the pre-monsoon period and from 2 to 9.40 mbgl during the post-monsoon period and the average gradient of the water table is of the order of 1 m/km with groundwater flow from north to south direction ( Fig. 3 ).
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Land use and land cover
The land use pattern broadly constitutes built-up land as a habitat, agriculture land, industrial land and water bodies, forest, scrubland, wasteland and urban land. The forest area covers 2197 ha, built-up area 7436 ha, agriculture land 130,056 ha, wasteland 1344 ha, water bodies 1673 and other 369 ha. A small number of water bodies are considered in Silauthi, Aurangabad, Sholaka and Dighaut, while the mining areas are found in Sarai, Tumsara and Sugar mill side (Dept. of Town and Country Planning 2013).
Methodology
The present study is designed to evaluate the hydrogeochemical processes that are responsible for hydrogeochemical characteristics for the groundwater in Trans-Yamuna alluvial plain, Palwal District, Haryana. The grid sampling method was adopted to collect the samples from the study area, and the samples were collected in post-monsoon 2015 and premonsoon 2016. Hydrochemical parameters, i.e., pH, EC (electrical conductivity) and concentrations of Ca +2 , Mg +2 , Na + , K + , Cl − , HCO 3 − , Cl − , SO 4 −2 and NO 3 − , in groundwater were determined. The groundwater samples were collected from hand-pumps-fitted boreholes at different locations of Palwal District, Haryana. About 30-50 L of water was drawn from hand pumps before collecting the samples in plastic bottles and analyzed as per standard method (APHA 1998) and the summary of these methods is presented in Table 1 . The groundwater depth data were downloaded from India-WRIS Web GIS Web site, and the rates of change in groundwater depth in m/year were determined using groundwater depth time series data from 1994 to 2016. Spatial and temporal coverage of the settlement area has been downloaded for the Palwal City from Bhuvan ISRO's Geoportal. The growth of the settlement area has been determined using PCI Geomatica 9.1. Population data of Palwal District for the periods 1991 and 2011 were obtained from India Census. The comparative analysis has been conducted using the hydrochemical data for Bareilly District from Ahmad and Mazhar (2020) and data from the Aligarh Doab region from Wasim et al. (2014) .
Results and discussion
The details of the parameters for the groundwater samples in pre-monsoon and post-monsoon period and the average of these parameters are presented in Tables 2, 3 and 4. A comprehensive observation is as follows: pH value 8 ± 0.28 (7.4-8.4), HCO 3 − 384 ± 208 (49-1281) mg/l, Mg +2 184 ± 22 (455-103 mg/l) and SO 4 2− 423 ± 509 (2183-9) mg/l. Cl − shows 776 ± 668 (3302-105) mg/l, APHA (1998) and the Ca 2+ concentration is 102 ± 103 mg/l (890-24) mg/l. The Na + concentration is 337 ± 355 (1716-19) mg/l, whereas the K + concentration is 81 ± 355 (263-14) mg/l. It is found that monsoonal activity resulting in recharge of groundwater reflected in a decrease in TDS, pH and Na + values and increase in K + , HCO 3 − and NO 3 − due to leaching. The order of anions is characterized by Cl − > SO 4 −2 > HCO 3 − > F − and Cl − > HCO 3 − > SO 4 −2 > F − , and the anions were in the order of Na + > Mg +2 > Ca +2 > K + and K + > Mg +2 > Ca +2 > Na + in pre-and post-monsoon periods, respectively.
The Piper plot of chemical data on a diamondshaped trilinear diagram reveals that the majority of groundwater samples fall in the fields of 3 and 4, i.e., Na + -Mg +2 -Cl --SO 4 −2 type, suggesting that alkaline exceeds in most of the water samples. However, few groundwater samples fall in no-dominant type (Fig. 4) . A comparative analysis has been conducted for a water sample from different parts of the Ganga-Yamuna aquifer. It indicated that the groundwater facies of the Ramganga aquifer in the Bareilly District show dramatically changes with seasons. But, the groundwater facies from Doab (interfluves) aquifer of Ganga-Yamuna and Trans-Yamuna aquifer do not show any significant change with seasons ( Fig. 5 ). It suggests that the high permeability of aquifer material and slope facilitates the flushing of old groundwater from the Ramganga aquifer and causes a significant change in groundwater chemistry during the post-monsoon season. But a change in hydrochemical characteristic has not been indicated by the groundwater samples from Palwal and Aligarh districts.
An assessment of the relative importance of different hydrochemical processes was performed in Ramganga-Ganga-Yamuna aquifer area using Durov diagram (Fig. 6 ). The diagram indicates a systematic change in different hydrochemical processes identified from NE to SW in the Ganga basin. The ion exchange process was dominant in Ramganga aquifer; dissolution action was prominent in Ganga-Yamuna Doab region. But in Trans-Yamuna aquifer, most of the samples are indicating dissolution and few samples are exhibiting a reverse ion exchange as a dominant process. The northeast region is characterized by high rainfall and less evapotranspiration, while in the south on the present study area the climate becomes more arid. It is also revealed by a continuous change in hydrochemical processes that are reflected in a change in hydrogeochemical characteristics from NE to SW.
The base-exchange processes can be determined through base-exchange index R 1 . (Soltan 1999) and computed using Eq. 1. It reveals the dominant processes and classifies the groundwater as Na + -HCO 3 − and Na + -SO 4 −2 types if R 1 < 1 or > 1, respectively. In the present study, it is found that most of the samples are Na + -HCO 3 − type except one sample. Meteoric genesis index R 2 can be used to determine whether the sources of groundwater samples are deep meteoric water percolation type or shallow meteoric water percolation type. If R 2 < 1, the sources of groundwater are of deep meteoric water percolation type. If R 2 > 1, it shows the sources of groundwater are shallow meteoric water percolation type. Meteoric genesis index R 2 can be computed by using Eq. 2. The results indicated that most of the groundwater samples fall under deep meteoric water percolation type. The semiarid climate along with the continuous overexploitation of groundwater resulted in steep fall in groundwater levels, which leads to deep meteoric percolation as a source of groundwater. Gibbs (1970) proposed the boomerang envelope model to describe the dynamics of chemical compositions of water and classified the controlling factors into three types, namely atmospheric precipitation, rock weathering and evaporation. The weight ratio Na + /(Na + + Ca +2 ) as a function of TDS has been plotted ( Fig. 7) . It is inferred from the figure that all samples belong to rock weathering and moderate evaporation processes.
Sources of solute in groundwater
The sources and mechanisms controlling groundwater chemical composition have been further evaluated by applying the mass balance approach through scatter diagrams (Stallard and Edmond 1983) . Analysis based on stoichiometric relationships demonstrates that in the present groundwater, Ca +2 + Mg +2 together accounts for 47% of the total cations. The plot of Ca +2 + Mg +2 versus HCO 3 − illustrates that equal numbers of groundwater samples show position above and below the 1:1 line of Ca +2 + Mg + and HCO 3 − ion concentration. It implies that the part of Ca +2 and Mg +2 could be through silicate and carbonate weathering. Furthermore, moderate (Ca +2 + Mg +2 )/(Na + + K + ) and (Na + + K + )/Tz + equivalent ratio indicates that the mixed type (silicate and carbonate weathering) could be a major source of dissolved ions in the groundwater in the area (Fig. 8 ).
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Correlation matrix
The statistical analysis has been carried out by correlation coefficient between different pairs of groundwater quality parameters of groundwater to assess the mechanism of solute acquisition processes in the area. The values of the coefficient of correlation were determined using SPSS software version 13 at probability (p) of < 0.01. Relationships during pre-monsoon and post-monsoon seasons showed positive and negative correlations among the parameters and significant relation are presented as bold numbers in the Table 5 . The strong positive correlation of HCO 3 − with Na + (R 2 = 0.77) and that of Cl − with Na + (R 2 = 0.87) in premonsoon indicate the importance of the silicate weathering and evaporation. This relationship changes in post-monsoon due to recharge of the groundwater by monsoon rainfall; the strong positive correlation coefficient of HCO 3 − with Na + (R 2 = 0.71) and Na + with Cl − (R 2 = 0.84) is maintained. The leaching of SO 4 2− associated with Mg +2 and Na + is clearly indicated in the post-monsoon period. High input of KNO 3 is being used as artificial fertilizer in the area, and leaching in the post-monsoon period shows a strong coefficient relationship (R 2 = 0. 61) between K + and NO 3 − . A strong relationship between Na + and Cl − in the post-monsoon in groundwater indicates the dissolution of the salt which precipitated due to high evaporation in a dry climate and leaches during monsoonal recharge.
Principal Component Analysis (PCA)
The PCA technique has been used to recognize the important parameters that determine the water quality in many studies (Akbal et al. 2011; Varol and Davraz 2014) . On investigating the existing water quality data using PCA, we attempt to find the governing factors that establish the quality of water by taking out important principal components (PCs). These components identify the processes that are associated with parameters showing the same behavior. These components explain 74% of the total variance in the pre-monsoon hydrochemical data and 70% of the total variance in the postmonsoon hydrochemical data (Table 6 ). The bold numbers in this table are showing significant contributions by the parameters towards the particular component. During pre-monsoon, the first PC accounts for 36% of the total variance and it has a high correlation with NO 3 − , Cl − , F − , hardness, Mg +2 and TDS. The second component is associated with pH, SO 4 −2 and Mg +2 probably contributed by the dissolution of MgSO 4 and subsequent change in pH. The third component is associated with Na + and TDS as a proxy to strong evapotranspiration. The fourth component explains about 8% of the total variance that is associated with only HCO 3 − . The first four PCs during post-monsoon explain the less total variance than pre-monsoon. The first component explains 29% of the total variance and is associated with hardness, HCO 3 − , F − and TDS. The second component is associated with pH, Na + and K + . The third component includes Na + and NO 3 − in association with inverse relationships to the second component. It indicates that leaching results in an increase in NO 3 − and decrease in Na + concentration in groundwater during monsoonal recharge. The fourth component is related to SO 4 −2 , Cl − and Mg +2 as dissolution of Mg salts during monsoonal recharge.
Drinking water quality analysis
The suitability of the groundwater has been assessed for drinking purposes using BIS (2012) standards. It is found that most of the samples have a high degree of magnesium content. Undesirably high SO 4 −2 , Cl − , EC, F − and Ca +2 values were found in 22%, 18%, 10%, 8% and 3% of the samples, respectively. It is observed that region of bad water quality lies in highly urbanized areas and localities along the Yamuna River. That is heavily affected by agriculture activities assisted by dense canal network system along with the industrial activity. High fluoride content was observed in the northwest and southeast side of the district dominated by the metamorphic rock of Aravalli Mountains and low lying region of Yamuna River. The difference in nitrate concentration in the post-and premonsoon indicates higher values near city due to leaching from sewage and intense fertilizers-supported vegetable crops near city areas. But in the south of the district this fluctuation is negative that indicates the utilization of enhanced nitrate in the pre-monsoon by the pre-monsoon crop.
The water quality index for the groundwater samples was determined to rank these samples from the drinking purpose. The water quality index provides an inclusive interpretation of the quality of surface and groundwater and its suitability for drinking purposes. The main purpose of WQI is to change the complex water quality data into understandable and usable information by which common people can know the status of water sources in a particular region (Akoteyon et al. 2011; Vasanthavigar et al. 2010) . The weighted arithmetic index method is used in the present case for the calculation of WQI using 11 water quality characteristics, namely turbidity, pH, total hardness, bicarbonate, chloride, total dissolved solids, calcium, magnesium, sulfate, nitrate and fluoride. A detailed distribution of WQI suggests that 13% fall in good category, 31% and 34% of the total water samples were found with poor and very poor water quality standard, 21% fall under the very poor category and 3% samples are unsuitable water quality standard (Table 7) .
Irrigation water quality analysis
The groundwater is also being heavily used for irrigation purposes in the area due to the absence of large surface bodies. In view of irrigation utility, the groundwater samples were also analyzed for their suitability and usefulness to meet the irrigational needs of farmers. The suitability of water for irrigation purposes has been evaluated through three parameters, namely SAR (sodium adsorption ratio), sodium percent (Na%) and RSC (residual sodium carbonate). 
Sodium Adsorption Ratio (SAR)
Sodium adsorption ratio is used to evaluate the excess of sodium with calcium and magnesium (Richards 1954) . In general, the permeability of soil reduces due to excessive sodium content in irrigation water. The use of water having a high SAR level continuously can lead to the increase in Na% level over the time, which in turn can adversely affect soil infiltration and percolation rates. Fine-textured soils, especially those high in clay, are most subject to this action. Certain amendments may be required to maintain soils under high SARs. Calcium and magnesium, if present in the soil in large enough quantities, will counter the effects of sodium and help to maintain good soil properties (Fipps 2003) . In addition to this, the excessive SAR levels of irrigation water can also cause soil crusting, poor seedling and poor aeration (Lesch and Suarez 2009 ). The SAR of groundwater samples is calculated, and the results of SAR were found within the range 0.8-17.85 with an average value of 3.6. Based on classification (Richards 1954) , it is observed that the groundwater of the study area was excellent and good for irrigation purposes. The Wilcox diagram has been prepared to determine the suitability of the groundwater for irrigation purposes (Fig. 9 ). It is showed that 62% of the samples belong to good water category (C3S1, C2S1), 14% samples belong to moderate water category (C3S2, C3S3), 7% samples fall under bad category (C4S3, C4S2) and 5% samples fall under very bad quality category (C4S4).
Sodium Percentage (Na%)
Sodium percentage is a parameter to evaluate the water quality for irrigation purposes. Excess of sodium in water reacts with soil, reduces soil permeability and supports little or no plant growth (Wilcox 1955) . Na + % in groundwater ranged from 9 to 60% with an average of 25%. The calculated Na% shows that 87% of all samples fall within the excellent/good for irrigation category and 12.5% fall under permissible category (Table 7) .
Residual sodium carbonate (RSC)
The sodium hazard also increases, if the water contains a higher concentration of bicarbonate ions. As the soil solution becomes more concentrated, there is a tendency for calcium and magnesium to precipitate as carbonates, thereby increasing the relative proportion of sodium as a consequence. In the present case, RSC was used to quantify the effect of the carbonate and bicarbonate (Eaton 1950) as RSC. Distribution of samples based on RSC value indicated that the majority of the samples fall under doubtful and unsuitable categories for irrigation purposes.
Impact of land use/land cover change on groundwater depth
A rapid increase in population has been observed from 59,168 in 1991 and 131, 926 in 2011 with the 122% growth (Census of India 1991 India , 2011 . During this period, the settlement area of the main Palwal City has been increased by 177% (Fig. 10) . The increased population and associated services withdraw water from local aquifer, resulting in a decline of groundwater level. Time series of the groundwater depths were assessed using the linear regression line method at few locations. The average declining trends of the groundwater level vary from 0.10 to 0.40 m/year, and the spatial trends show minimum decline near the Yamuna flood plain and maximum decline near the Palwal City (Fig. 11) . However, the areas near Bhagola village along the canal show a decrease in groundwater depth with a rate of 0.05 m/year. The declining groundwater depth will result in decreasing well productivity in the near future. Deep groundwater is normally associated with solute-enriched groundwater, and this will be further detrimental to the suitability of groundwater for irrigation, drinking and other purposes.
Conclusions
Groundwater in the study area is characterized by deep origin as revealed by meteoric genesis index R 2 . The source of chemical in groundwater is mainly controlled by rock Fig. 9 Wilcox diagram representing the groundwater quality for irrigation purposes weathering and evaporation processes. The major portion of ions in groundwater is derived by combined weathering of carbonate and silicate rocks. Durov diagram indicated that dissolution and reverse ion exchange are the major processes that control the hydrochemistry. Spatial variation in the contribution of ion exchange, dissolution and reverse exchange processes is mainly controlled by climatic conditions in the Ganga basin. Spatial distribution of the fluoride is controlled by rock type and low lying areas, while high Mg +2 and SO 4 −2 distribution is associated with urban and peri-urban areas. Groundwater quality index suggested that a fair percentage of water samples fall under the category of very poor (34%) and unsuitable (21%) for drinking purposes. Most of the samples are suitable for irrigation purposes on the basis of SAR. However, continuous usage of groundwater with high TDS with moderate Na% may result in the development of salinity in soil. adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
